Introduction
Calcinosis (cutis) is a clinical problem characterized by sub-epidermal deposition of insoluble calcium salts such as carbonated hydroxyapatite. 1 This soft-tissue calcification disorder often accompanies other rheumatic diseases, for example approximately 20-40% of patients with the multisystem connective tissue disease systemic sclerosis (SSc, also termed scleroderma) develop calcinosis. [2] [3] [4] SSc-related calcinosis usually occurs over pressure points, for example, fingers, knees and elbows, and can cause considerable pain and function impairment. 5 In addition, calcinotic lumps can become infected, especially when they ulcerate through skin. In these ways, calcinosis can have a major impact on quality of life.
Many different drugs and procedures have been reported as having some effectiveness in the treatment of calcinosis, but these have generally appeared in case reports, and none has been generally accepted as a standard therapy. 1, 6 The list includes surgical excision, laser ablation, and various drug-based therapies. 5, 7 The lack of effective treatments means that new approaches to therapy are urgently needed. Calcium chelators capable of dissolving calcinosis deposits present a promising alternative for drug development, especially if they could be delivered through application to skin. If welltolerated, such treatments hold potential to reduce or prevent disability, pain and ulceration associated with calcinosis, improving overall quality of life.
Despite the existence of safety concerns, 8, 9 chelators are widely used as antidotes for metal poisonings. 10 Klein et al. treated a patient with calcinosis by intravenous infusion of EDTA, and X-ray radiography results revealed marked diminution of the calcium deposits. 11 Following that, various case reports showed similar efficacy of chelators in the treatment of calcinosis. [12] [13] [14] [15] More recently in a preliminary experiment, Lydon et al. re-emphasized that calcium chelators such as citric acid and EDTA can either effectively dissolve the calcinotic lumps or break them down into fine powders. 16 Even at physiological pH values, calcium chelators such as citric acid and EDTA have strong chelation effect. 17 Unfortunately, in vitro screening for dissolution performances of calcium chelators as potential treatments for calcinosis is complicated. Due to the rarity of the condition, the supply of calcinotic deposits is limited, hindering the number of experimental repeats. Also, the morphology, chemical composition, and crystal structure of SSc-related calcinotic deposits are heterogeneous. The chemical composition of calcinotic deposits is mainly hydroxyapatite (HAp, Ca10(PO4)6(OH)2) with some inorganic carbonates. 18, 19 Inconsistent surface areas and physicochemical properties of the deposits may therefore additionally complicate analysis and interpretation of in vitro dissolution studies, if performed using human samples. To this end, the field requires the development of an analytical method that uses a synthetic mimic for hard calcinosis ( Supplementary Information, SI Fig. S1 ) with consistent physicochemical properties; enables quantitative measurement of in vitro pharmacodynamic chelator performances; and is amenable to automation and high-throughput screening approaches. Although macroscopic methods (e.g., rotating disk, 20 powder suspension, 21 and constant composition methods 22 ) might mimic real calcinosis dissolution to a first approximation, a microscopic method is warranted given the shortage of calcinosis samples.
In this work, we apply a quartz crystal microbalance with dissipation monitoring (QCM-D) to study the dissolution process with sub-second time resolution and high areal mass precision (ca. 0.5 ng cm -2 in liquids). 23 For comparison, a 1nmthick layer of HAp on the crystal surface has a theoretical areal mass nearly three orders of magnitude higher (0.32 µg cm -2 ) than the sensitivity of the sensor. The mass change from the flat QCM sensor surface can be estimated from the change in the crystal's resonance frequency using the Sauerbrey equation, which states that a drop in the resonant frequency is directly proportional to an increase in areal mass. 24 Changes in energy dissipation, less relevant to this work, provide a measure of energy losses in the system and contain information about the viscoelastic properties of soft films. 25 While the majority of research on HAp that uses the QCM is on its growth (e.g., biomineralization 26, 27 ), only a few papers deal with the dissolution of HAp. For example, a commercially available nano-HAp-coated gold crystal was used as an in vitro model for monitoring of dental enamel erosion by citric acid 28 and the protective effects of salivary films and polyelectrolytes. 29 Commercially available HAp-coated QCM sensors have a relatively high cost, limited reusability and a denser microstructure than hard calcinosis, making them less suitable models for chelation therapy. 29 While QCM sensors have previously been coated by methods such as electrolysis, 30 they are more commonly coated by electrophoretic deposition (EPD), with the deposits then used as a model for stain removal 31 or erosion in teeth, 32 or Page 2 of 22 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 3 protein adsorption on bone. [33] [34] [35] EPD is a process that consists of two parts: electrophoresis (the motion of charged particles in a suspension under an electric field) and deposition (the coagulation of particles to a dense mass). 36 During EPD, the chemical properties such as stoichiometry and phase composition are maintained, and the thickness and density of deposition can be tuned by parameters such as deposition duration and applied field. 37 This current work establishes an in vitro assay to quantify and compare the effectiveness of chelators in the dissolution of calcinosis. The method development consisted of three steps. First, we assessed the potential of four types of synthetic HAp to act as proxies for hard calcinosis by comparing their dissolution behaviors. From this, we identified a suitable in vitro dissolution model for hard calcinosis. Second, we used the in vitro model to study dissolution performances with two wellestablished calcium chelators. This step has enabled us to both develop a data analysis strategy and establish whether our approach produces reliable results. Third, we adapted pharmaceutical dissolution testing methodology and performed tests from the second step using a HAp tablet as an in vitro model of calcinotic deposit. This step enabled us to validate our QCMbased approach against the "gold standard" for in vitro dissolution studies, identifying advantages and limitations for both methods.
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Materials and reagents
Gold-coated QCM crystals (QSX301, AT-cut, 14 mm diameter, 4.95 ± 0.05 MHz fundamental) were purchased from Q-Sense. Hydroxyapatite (product code 04238, lot number SZBC2830V), calcium acetate monohydrate [Ca(CH3COO)2·H2O], calcium nitrate tetrahydrate [Ca(NO3)2·4H2O], ammonium phosphate dibasic [(NH4)2HPO4], and N,N,N′,N′tetraethylethylenediamine (TEEDA) were purchased from Sigma-Aldrich. Orthophosphoric acid (H3PO4, 85%), sodium hydroxide (NaOH), hydrochloric acid (HCl, 37%), aqueous ammonia (35%), absolute ethanol, nitric acid (HNO3, 70%), and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) were purchased from Fisher Scientific. Anhydrous citric acid was purchased from Acros Organics. N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) was purchased from Formedium. Hydrogen peroxide (30%, H2O2) was purchased from Merck. All reagents and non-aqueous solvents were used as received without further purification. Water was purified to a resistivity of 18.2 MΩ cm at 25°C (Milli-Q). EDTA and citrate solutions with different concentrations (equivalence: 1g L -1 EDTA = 3.4mM, 1g L -1 citrate = 5.2mM) used in the dissolution studies were buffered at pH 7.4 (at 37 °C) with 0.1 M HEPES. HEPES has a pKa close to physiological pH values and contains no phosphate, which could interfere with both the dissolution process and subsequent elemental analysis. The pH of the buffered chelator solutions was reset to 7.4 by titrating with aqueous 1M NaOH.
The hard calcinotic deposits used for method validation came from three patients with the limited cutaneous subtype of SSc (two female, one male, age range 55 to 71 years), all with well-established disease (duration of Raynaud's phenomenon range 16 to 23 years). The three samples were obtained by surgical debulking. Sample color ranged from white to yellow to brown ( Fig. S2 ). Patient data, indexed to internal sample codes, and an X-ray image of the one calcinosis sample before excision are given in section S1 of the supplementary information. The collection of the calcinosis samples was approved by the National Research Ethics Service (NRES) Committee North West (14/NW/0132) and the patients signed an informed consent form.
Preparation and characterization of hydroxyapatites
In addition to the commercially available HAp (denoted HAp0), three additional HAp powders were prepared following literature methods. 38 In brief, HAp1 was prepared by dropwise addition H3PO4 solution (85%, 0.554 mL, 8.1 mM) into Ca(OH)2 (1.00 g, 13.5 mM) in 40 mL water solution. For HAp2, (NH4)2HPO4 (2.00 g, 15.1 mM) was dissolved in 25 mL water. A second solution was prepared by dissolving Ca(CH3COO)2·H2O (4.45 g, 25.2 mM) in 60 mL water, followed by adding 3.0 mL ammonia solution and 40 mL water. The second solution was added dropwise to the first, followed by heating to 40°C for 3 h. For HAp3, Ca(NO3)2·4H2O (9.44 g, 40.0 mM) was dissolved in 35 mL water followed by adding 1.2 mL ammonia solution and 35 mL water. A second solution was prepared from (NH4)2HPO4 (3.17 g, 24.0 mM) dissolved in 60 mL water followed by the addition of 30 mL ammonia solution and 40 mL water. The second solution was added dropwise into the first, followed by heating to reflux for 1 h. Finally, all the HAp reaction mixtures were centrifuged and washed with water three times before drying in oven at 70 °C for a week and ground in an agate mortar.
Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of powder samples were acquired using a Bruker Alpha-P run in air with 4 cm -1 resolution. Raman was determined using a Renishaw inVia, with a 633nm excitation laser. Powder X-ray diffraction (PXRD) plots was acquired using PANalytical X'pert modular powder diffractometer with a copper anode X-ray source at 50 kV and 40 mA. The surface area was calculated by the Brunauer-Emmett-Teller (BET) method using a Micromeritics Gemini V Surface Area and Pore Size Analyzer. X-ray photoelectron spectra (XPS) were acquired using a Kratos Axis Ultra with an Al Kα source (1486.6 eV) operated at 15kV and 10mA. ζ-potential was determined using Malvern Zetasizer Nano S. Aggregate size was determined using Malvern Mastersizer 3000. Deposit microstructure was determined by scanning electron microscopy (SEM) using a Hitachi S-3000N with a tungsten hairpin filament emission gun at an accelerating voltage of 5kV; samples were prepared by dusting the solid sample on a conductive carbon tab. The calcium and phosphorous concentrations in the supernatant fluid in the QCM cell were measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500cx) after diluting them in 2% (w/v) aqueous HNO3. Thermogravimetric analysis (TGA) was determined using TA Instruments Q500 in an N2 atmosphere with the ramp rate of 10 °C min -1 .
Electrophoretic deposition
Sensor surfaces were cleaned by immersing the sensors in a 5:1:1 (v:v:v) mixture of water, aqueous ammonia solution and aqueous hydrogen peroxide solution at 75°C for 5 minutes, followed by UV/ozone treatment for 15 minutes, following Q-Sense protocols. EPD of HAp was carried out following the procedure from Monkawa and co-workers. 34 A modified Q-Sense QEM401 module was adapted for EPD, with the gold surface acting as the cathode and the platinum plate acting as the anode. HAp powders were dispersed in ethanol (1%(w/v)), then injected into the module by a syringe. A field of 100Vcm -1 was applied (16V DC input, 0.16cm separation fixed by an Viton o-ring) for 5 min, followed by a brief ultrasonic treatment in ethanol to remove the loosely adhered HAp. The obtained HAp-coated crystal was left to dry in air at room temperature for 1 min. Deposit masses ranged from 0.3-18 µg.
QCM dissolution measurements and analysis
The freshly prepared HAp-coated crystal was transferred into a custom-built open QCM-D cell with a 8.2mm diameter cylindrical hole concentric with the crystal (nominal volume 0.5 mL) and connected to the QCM-D (E1, Q-Sense) running QSoft version 2.5.21.694. The integrated Peltier device and an external water bath were used to maintain the temperature of the cell at 37°C. HEPES buffer (200μL) was transferred into the cell through the hole, and a flat baseline was obtained after typically an hour of equilibration. Then, 10 µL aliquots of buffered test solutions were added into the cell every 5 min for a total of 10 times for each experiment. The doses of chelator were chosen empirically to produce a frequency change that was above the limit of detection for the sensor and would dissolve no more than about of third of the total material on the surface with a single addition. This frequency response always stabilized within 5 min for citrate and EDTA aliquot concentrations ≤0.4 g L -1 ; the effects of higher concentrations are listed in the SI (Sections S4.1-S4.3). The endpoint (where all of the strongly bound HAp was removed) was established by adding two more aliquots of concentrated buffered test solutions where no more change of frequency response can be found. The final supernatant solution in the cell was collected for calcium and phosphorous analysis. Each experimental condition was tested at least 3 times.
The mass of the dissolved HAp was estimated using the simplified Sauerbrey equation: 24 Δm=−CΔfN/N (1) where Δm is the dissolved mass, C is a constant equal to 17.9 ng cm −2 Hz −1 , ΔfN is the frequency response associated with the corresponding harmonic number N. The seventh harmonic was used for data analysis, because of its moderate penetration depth and low sensitivity to mounting effects. 39 Unscaled frequency responses are plotted in this work to make the method transferrable to other QCM systems. (The convention used in the Q-Sense software is to report a scaled frequency response (ΔfN/N) to make it easier to compare the responses from several harmonics.) The active surface area of the sensor was assumed to be 0.80 cm 2 . 40 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 5
The frequency response versus time for each dissolution measurement was normalized by dividing by the final frequency change. The response from the first 10 s after the chelated was added was disregarded to allow the supernatant solution to homogenize. A time constant for each dissolution experiment was extracted from the subsequent 10 s (EDTA) or 30 s (citrate) of the normalized response by fitting to a first-order exponential. The method for determining outliers is discussed in the SI (Section S3).
Manufacturing of hydroxyapatite tablets
A single-punch Minipress MII (Riva Europe Ltd, UK) with manual feeding was used to produce HAp tablets via direct compression of freeze-dried HAp1 powder. Compression force in the tablet press was adjusted manually and a batch of tablets was considered suitable by passing both the disintegration and friability tests. 41 The batch of tablets passed the disintegration test when none of the six randomly selected HAp tablets disintegrated within 15 min at 37°C while incubating in a Tablet Disintegration Tester ZT 31 (Copley Scientific, UK). The batch of tablets passed friability test when the mass loss of 20 randomly selected tablets after 100 cycles in Friability Tester (Copley Scientific, UK) was ≤1%. The tablets were cylindrical, with beveled edges, (9.57±0.01) mm in diameter, (2.4±0.2) mm thick, with a mass of (0.19±0.01) g and hardness (Pmax) of (7.1±1.7) kg (Tablet Hardness Tester TBF 1000, Copley Scientific).
Pharmaceutical dissolution testing
Dissolution of HAp tablets in chelator solutions was tested with a Dissolution Tester DIS 8000 (Copley Scientific, UK). Each vessel was filled with 750 mL 10mM HEPES buffer (pH 7.4 at RT), pre-warmed to 37°C and stirred with paddles at 60 rpm. One HAp tablet per vessel was added and incubated for 10 min, followed by addition of 100 mL chelator concentrate and three rinses with 50mL buffer at 37 °C (total volume: 900 mL). Six 10ml samples were collected every hour. Each sample collection was followed by addition of 10mL top-up solution in order to keep the chelator concentration and volume constant. Subsequently, each sample was filtered through a 0.22µm filter (Whatman) and quantified for calcium and phosphorous using inductively coupled plasma optical emission spectroscopy (ICP-OES, Thermo iCap 6300). The chelator concentrate and top-up solutions were composed of 10 mM HEPES, chelator (citric acid or EDTA) at relevant concentrations and NaOH and/or HCl for adjusting the pH to 7.4. Dissolution of HAp tablet in each chelator solution was studied in triplicate. Deionized water (18.2 MΩ cm at 25 °C) was used to prepare all solutions and glassware throughout the experiments.
Calcium and phosphorous concentrations were expressed as HAp based on the following relationship: 1 mol calcium = 100.5 g HAp and 1 mol phosphorous = 167.4 g HAp, and plotted against time for each chelator concentration. Error bars for each time point are equal to the population standard deviation (n=3) calculated as 'STDEV.P' function in Microsoft Excel.
Results and discussion
The physicochemical characterization of the synthetic HAp samples is detailed in the SI (Section S2). In brief, the synthetic samples were predominantly calcium-deficient carbonated HAp, based on XPS elemental analysis (Figs. S3 and S4, Table S2 ) and vibrational spectroscopy (Figs. S5 and S6), with trace amounts of amorphous material, based on powder X-ray diffraction (Fig. S7 ). The Raman spectra (Fig. S6 ) did not show any signals characteristic of amorphous calcium phosphate (945 cm -1 ) or octacalcium phosphate (955 cm -1 ). 42 Samples produced by the acetate route (HAp2) showed a greater mass loss by thermogravimetric analysis (Fig. S8 and some evidence of residual acetate, based on FT-IR ( Fig. S5 ). Median hydrodynamic diameter of the particles ranged from 2-6 µm based on dynamic light scattering (Table S3 ). The BET surface area of the samples ranged from 60-100 m 2 g -1 , with the corresponding calculated particle diameters ranged from 20-30 nm, which were in accordance with the grain sizes determined by XRD result (Table S3 ). The magnitude of the ζ-potential of all the samples between pH 5 and 9 was below 25 mV ( Fig. S9) . Consistent with this, visible-light and scanning electron micrographs (Figs. S10 and S11) and Raman maps (Fig. S12) showed the presence of aggregates >10 µm among the sparse deposits formed by EPD. The images from the HAp samples were indistinguishable from those from pulverized hard calcinosis (Figs. S10E, S11E, S12I&J). Overall, the synthetic HAp samples were similar to hard calcinosis in chemical composition 19, [43] [44] [45] and mesoporosity. 46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al.
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The QCM measurements plotted in Figure 1A demonstrate typical traces for positive and negative controls. The positive controls show the dissolution of commercial HAp (HAp0) in two calcium chelators, citrate (cyan) and EDTA (dark red). A baseline response was observed for the three negative controls: excluding HAp but including citrate (black); including HAp but excluding the citrate (pink), and using the EDTA analog TEEDA (purple). TEEDA has a similar chemical structure to EDTA except that TEEDA does not have the carboxylic moieties to sequester Ca 2+ . Only the positive controls (citrate and EDTA) showed a monotonic increase in steady-state frequency (i.e., a regular decrease in mass) with chelator concentration that approaches a limiting value (Δf∞). Each trace showed a negative frequency change in the first 5-10 s after each aliquot addition ( Figure 1B) , regardless of whether chelator was added, hence this range was excluded from kinetic analyses. The TEEDA and "-HAp, +citrate" negative controls showed a small decrease in frequency over the length of the measurement that was consistent with an increase in density of the fluid above the QCM sensor. 47 Unsurprisingly, adding higher concentrations of chelator removed a greater fraction of a HAp deposit ( Figure 2 ). The plots also show that fewer moles of EDTA than citrate were required to completely remove the deposits. Figure 3 compares the frequency changes recorded 5 min after the addition of chelators to the number of moles of chelator added. The slope of the line for EDTA is (6.5±0.5) times higher than that for citrate: (75.3 ± 3.9) g HAp per mol EDTA versus (11.6 ± 0.6) g HAp per mol citrate. The amount of Ca 2+ chelated by EDTA is sub-stoichiometric based on these estimates (100.46 g HAp per mol calcium). The difference in the chelating capacity of EDTA compared to citrate can be attributed to EDTA's markedly higher Ca 2+ binding strength (pKD = 10.5 for [Ca EDTA] 2-48 vs. 3.2 for [Ca citrate] -49 ). Also, the calcium-citrate complex is weaker than other insoluble complexes (e.g., pKSP = 6.6 for CaHPO4·2H2O). 50 Although to the best of our knowledge, there is no report on the comparison between EDTA and citrate in chelating HAp at physiological pH, a number of researchers have shown that EDTA has better chelation capacity than citrate towards different types of calcium and magnesium minerals. 51, 52 Page 6 of 22 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 7 A qualitative analysis of the shape of the dissolution profile shows that the frequency response returns to a constant value much more quickly with EDTA than with citrate. Two assumptions were made for the kinetic analysis of the QCM results. The first assumption is that all the HAp surfaces will be rapidly saturated by chelator molecules during the entire dissolution process (at least 1.5 orders of magnitude above surface saturation levels, assuming a chelator footprint of 0.4 nm 2 ). The second, related assumption is that the initial dissolution follows pseudo first-order reaction kinetics. Thus, the response was quantified as a first-order time constant for each chelator and each type of HAp. Figure 4A presents the mean rate constants for each combination of chelator and solid coating; all data points are shown in Figure S13 . Pooling all the tests, the first-order rate constant was (3.51 ± 0.14) min -1 for EDTA-meditated dissolution and (8.47 ± 0.48) min -1 for citrate-meditated dissolution, that is, the EDTA dissolution rate was over twice as large. The differences in dissolution rate between EDTA and citrate were significant (p < 0.01, Welch's t-test, two tailed) for all HAp samples. There was no significant effect of chelator concentration on the initial rate, consistent with initial assumptions. There was also no correlation between the mass of the initial deposit and the dissolution rate constant. The HAp source had no significant effect on the time constant for EDTA, but significantly lower rate constants were observed for HAp2 and HAp3 dissolved in citrate (p < 0.01). The normalization of the time constants by BET surface areas of HAp samples had no influence on the conclusions made above (data not shown). Applying the dissolution technique to hard calcinosis produced comparable QCM traces ( Figure 4B ) and statistically identical rate constants, indicating the equivalence of synthetic HAp samples and clinical hard calcinosis samples in dissolution testing. Table S4 lists p values for each pair of rate constants. For hard calcinosis samples, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 8
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visible-light and scanning electron microscopy (Figs. S10F and S11F) showed that some residue remained on the sensors even after the frequency response reached ∆f∞. Figure 5 presents the comparison of the mass of HAp derived from ICP-MS analysis to the mass determined from ∆f∞ and the Sauerbrey equation. A linear fit to the data gives a slope of (0.69 ± 0.15), which is attributed to underestimation of the ICP-MS calculations and the overestimation of the QCM measurements. The ICP-MS may underestimate the mass because of the use of the nominal stoichiometry as an approximation of the carbonated, calcium-deficient samples as revealed in FTIR and XPS spectra (SI); this calcium deficiency also appears in the ICP-OES calcium and phosphorous analysis of dissolved HAp tablets. The QCM's mass response is also sensitive to mechanically coupled water, such as water adsorbed on or trapped between particles, which would lead to an overestimate of the adsorbed mineral mass. The magnitude of this effect is consistent with previous QCM measurements and models from Johannsmann and co-workers of adsorbed nanospheres. 53 For many measurements, changes in the sensor's energy dissipation during dissolution (Section S4) are also consistent with Johannsmann's work: the ∆d values initially rise as space between particles opens up and allowing the particles to rock on the surface; then the values drop as the dissolution approaches completion. Furthermore, the spread of harmonics (Section S4.4) can be explained by the fact that each harmonic has a specific penetration depth; the lower Page 8 of 22 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 9
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harmonics sense a larger frequency increase (i.e., mass loss) due to the larger penetration depth than the higher harmonics. 39 Having established the equivalence between synthetic HAp and hard calcinosis, pharmaceutical dissolution testing (PDT) was adapted to validate QCM approach against the "gold standard" methodology for in vitro dissolution studies. Usually, PDT is used to monitor drug release from various pharmaceutical formulations (e.g., tablets) into physiological buffers in order to estimate drug release in vivo. Our application measured release calcium and phosphorous from an HApcomposed tablet upon exposure to calcium chelators, assuming a HAp tablet to be a model for hard calcinosis. Direct powder compression avoided the addition of any additives in the tablet manufacturing process and therefore modeled calcinotic deposits more closely. Neither the HAp0 nor the HAp1 powders flowed well once inserted into the hopper of the tablet press, so manual feeding and compression were used. Only HAp1-based tablets were used for PDT because HAp0based tablets repeatedly failed the disintegration test. All experimental parameters of the PDT were selected to mimic physiological conditions in vivo, as per literature. 41 Three concentrations of citrate and EDTA were studied by PDT ( Figure 6A ). As in the case of the QCM assays, a large excess of chelator was supplied (≥10 mmol of chelator per g HAp). HAp dissolved more quickly in the higher concentration of both chelators in contrast to the concentration-independent behavior of the initial rates determined by QCM analysis. Incubation of a HAp tablet with 75 mM citrate produced results that were statistically identical to 50 mM citrate. EDTA was known to be a more effective calcium chelator, so a maximum concentration of 26 mM was used for PDT. Although the correlation coefficients for all the curves seem to be slightly higher based on phosphorous analysis than calcium analysis, the difference is not significant. Identical analyses based on ICP-OES of the phosphorous content of the solution appear in the SI (Fig. S23 and Tables S5 and S6). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 10 The HAp dissolution from PDT were plotted assuming a first-order dependence on chelator concentration ( Figure 6B ). As for the QCM assay, chelators are assumed to saturate of the HAp surface. As with the QCM, EDTA was found to be a more effective dissolution agent than citric acid. The ratio of the apparent rate constant for EDTA to that from citrate is (6.7 ± 2.7), much higher than the two-fold higher rate observed by QCM. The difference in rates between two techniques is a result of the longer measurement time used in PDT studies, so the effects of particle size and diffusion influence kinetic analysis, 20 as well as the formation of other calcium phosphates with limited solubility. 54 Table 1 summarizes the advantages and limitations of the QCM assay compared to PDT. The QCM assay is much faster: each run could take just 15 min by allowing 5 min each for equilibration, dilute chelator addition (to measure the rate constant) and concentrated chelator addition (to measure the total mass deposited). Thus, the method could be automated and adapted to high-throughput screening equipment (e.g., the Q-Sense Omega Auto system). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Quartz crystal microbalance assay of chelation-based calcinosis treatments Fei, Gallas et al. 11
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Conclusion
We have established that the combination of EPD and QCM can be used to differentiate the capacity and rate of two common chelators, EDTA and citrate, in dissolving HAp from various sources. We have demonstrated that HAp particles can be used as an in vitro model for hard calcinosis. Both QCM assays and PDT showed that EDTA was much faster than citrate at dissolving HAp, though the rate analysis from PDT produced a greater difference in rates. Rate constants determined by QCM were independent of chelator concentration, while those from PDT showed a first-order dependence. Although we describe method that is directly relevant to drug development for diseases associated with hydroxyapatite-based deposits (e.g., SSc, calcific tendonitis, pseudoxanthoma elasticum), this methodology could also be applied to conditions associated with other hard deposits, such as gout or pseudogout, and to studies in which HAp nanoparticles are used for dental and bone tissue engineering or drug delivery applications. 55
Supporting information
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